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Consider spherical particles of constant temperature 

immersed in an incompressible Newtonian fluid. To 

determine the momentum and heat transfer  exchanges 

between particles and fluid, we have  to resolve the fluid 

field and particle motions. The modified momentum 

equations with the Boussinesq approximation in 

dimensionless form may be written as follows: 

 

 

The modified energy balance equation: 

 

 

 

Equation of translational motion: 

 

 

 

Equation of rotational motion: 

 

 

 

Particle temperature is assumed constant. 
u, U         velocity                  

t               time variable 

p              fluid pressure         

Re           Reynolds number 

Gr            Grashof number     

T              temperature 

eg            unit vector in the direction of gravity 

f               force density function 

Pr            Prandtl number 

Pe           Peclet number 

 λ             heat density function 

ρr             particle and fluid density ratio  

Vp            particle volume 

Fcol           particle collision force 

Ip              moment of inertia 

ω             particle angular velocity 

x              particle position vector 

Tcol           torque exerted onto the particle due to collision 

 A  Direct Numerical Simulation (DNS) method has been 

developed and used for studying heat and mass transfer 

of 225 to 1204 heated spheres in a fluidized bed. By 

exploring the rich data generated from the DNS, we are 

able to obtain statistically averaged fluid and particle 

velocities as well as the overall heat transfer rate in the 

bed. Good agreement between the current study and the 

one by Pan et al. (2002) is found for  the hydrodynamic 

properties of the bed such as pressure gradients within 

the bed and the relationship between fluidization velocity 

and bed solid fraction. The particle-averaged Nusselt 

number is found to increase as the fluidization velocity 

increases and the bed height rises; particles at the 

entrance of the bed tend to have maximum heat transfer 

rate because of higher particle-fluid temperature 

gradients in this region; as the fluid moves upward in the 

bed it gets warmer, which reduces particle-fluid 

temperature gradients and decreases the transfer rate of 

particles.  
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The fluid velocity and temperature fields are solved 

simultaneously. Fig. 5 shows the snapshots of temperature 

field in the fluidized bed. The heat transfer rates between 

spheres and  fluid can be computed accurately using the 

resolved temperature field. It is found that spheres near the 

entrance of the bed have the highest heat transfer rate. The  

average heat transfer rate or Nusselt number can be 

determined  at various flow conditions, as shown in Fig. 6.  

Conclusions 
The DNS-IB method has been applied to study heat transfer 

of spheres in a fluidized bed. Detailed flow velocity, 

pressure, and temperature fields for the fluidization of 225 to 

1204 spheres in a narrow channel are obtained at five 

different fluidization velocities. The average Nusselt number 

based on all the spheres, which can be used to compute the 

total heat transfer rate between the spheres and fluid, is 

found to increase with the increase of fluidization velocity. 

The hydrodynamics properties of the bed, such as the bed 

height, the solid fraction, and the wall pressure gradient, 

agree very well with the study of Pan et al. (2002). A straight 

line log-log plot is also observed, as predicted by the 

cerebrated correlation of Richardson and Zaki (1954).  

We study the fluidization of 225 to 1204 spheres at different 

Reynolds numbers. The DNS allows us to obtain flow velocity 

as well as the dynamics of each individual sphere. Fig. 1 

shows the velocity magnitude contours  in a fluidized bed 

after flows become steady.  
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Fluidization involves a fluid flow that is supplied through 

a bed of solid particles at a sufficient velocity such that 

the entire suspension of solid particles behaves like a 

fluid. Because of enhanced particle-fluid heat transfer 

and chemical reaction rates in fluidized beds, fluidization 

is used in applications such as chemical reactors, coal 

combustion, and fluid catalytic cracking. The challenge 

with the experimentally measured values of the heat 

transfer coefficients in general is the low accuracy in-bed 

temperature measurements and oversimplifications in 

the flow models. Usually, temperature measurements 

taken in beds with thermocouples have been interpreted 

very differently and direct measurements of solid particle 

temperatures are even more difficult and unreliable. 

Numerical modeling can be a vital technique that is 

suitable to approximate the local and average heat 

transfer coefficient of a fluidized bed.  DNS is a 

Lagrangian-Eulerian  method that provides detailed fluid 

velocity and particle motion. It is applied to study the 

fluidization of hundreds of spheres in a fluidized bed. 
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Using statistical averaging, we are able to compute both the 

particle and fluid-particle mixture velocity profiles in a bed, as 

shown in Fig. 2 

Fig.1: Fluidization of 1204 spheres at five different velocities. 

Fig. 5: Snapshots of temperature contours in a fluidized bed when V=4 cm/s. From left 
to right: t = 1s, 3s, 5s, 7s, and 10s 

We first validate the DNS by studying the forced convective 

heat transfer on a sphere and compare results with those 

found in the literature.  

Fig.4: Flow  vortical structures (left) and  temperature contours at Re=350. 

A relationship between the fluidization velocity and fluid 

fraction, as predicted by the celebrated Richardson and Zaki 

correlation, is able to be recovered, as shown in Fig. 3 . 

Fig. 3: The fluidization velocity vs. fluid fraction plotted in a log-log plot. 

Fig. 2: time and z-direction averaged particle velocity and mixture velocity  

Fig. 6: Average Nusselt number of particles in a fluidized bed vs. time 

Fig.4 shows flow vortical structures at Re=350. It is seen that 

periodically vortex loops or hairpins are shed from the 

surface of the sphere, which is consistent with the vortical 

structures observed by other researchers.  
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Results and Discussion 

Heat transfer of particles of non-spherical shape. 

Influence of neighboring particles 


